Background: After completing 5 years of adjuvant tamoxifen, women with estrogen receptor (ER)-positive breast cancer benefit from 5 more years of endocrine therapy, either with tamoxifen or an aromatase inhibitor (AI). For premenopausal women, ovarian ablation (OA) would be required before starting an AI (OA/AI). According to the SOFT/TEXT studies, OA/AI improves 5-year disease-free survival compared with tamoxifen alone, suggesting that OA/AI could be superior to tamoxifen as extended endocrine therapy. The long-term costs and consequences of premature menopause from OA are unknown, but could be estimated through a cost-effectiveness analysis. Methods: A Markov chain Monte Carlo simulation model estimated the costs and benefits of 3 extended endocrine strategies in a hypothetical cohort of premenopausal women with ER-positive early breast cancer: (1) no further treatment; (2) tamoxifen for 5 years (extended tamoxifen); or (3) OA/AI for 5 years. Effectiveness was measured in years of life expectancy gain. Sensitivity analyses accounted for uncertainty surrounding various parameters. Monte Carlo simulation estimated the number of adverse events and deaths from each strategy in the US population over a 40-year period. Results: Extended tamoxifen yielded a higher average life expectancy gain than OA/AI (17.31 vs 17.06 years) at lower average cost ($3,550 vs $14,312). For 18,000 premenopausal ER-positive women, the simulation estimated 13,236, 12,557, and 11,338 deaths with no further treatment, extended tamoxifen, and OA/AI, respectively, but an additional 1,897 deaths from OA, for a total of 13,235 deaths associated with OA/AI. After 24.6 years of follow-up, more women are expected to die from OA/AI than extended tamoxifen. Conclusions: For premenopausal women with ER-positive cancer who have completed adjuvant tamoxifen, another 5 years of tamoxifen is the preferable extended endocrine strategy. The potential long-term health consequences of OA could affect overall survival when it precedes the use of an AI.
Background
Recent evidence suggests that extending endocrine therapy for another 5 years after the initial 5 years of tamoxifen is beneficial for premenopausal women with estrogen receptor (ER)-positive breast cancer. In the ATLAS (Adjuvant Tamoxifen: Longer Against Shorter) and aTTom (Adjuvant Tamoxifen: To offer more?) trials, 10 years of tamoxifen was superior to 5
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Janice S. Kwon 1,2 In the MA.17 trial, use of an aromatase inhibitor (AI; letrozole) for 5 years significantly reduced recurrences and mortality compared with placebo after 5 years of initial tamoxifen, 3 and this effect was greater in premenopausal compared with postmenopausal women. 4 No clinical trials compare additional tamoxifen with an AI after the first 5 years of tamoxifen in premenopausal women. Re-sults of the TEXT/SOFT trials have raised interest in the use of AI in premenopausal women with ERpositive breast cancer. Although an improvement in 5-year disease-free survival (DFS) was seen when AI was compared with tamoxifen alone (89.0% vs 84.7%), no difference in overall survival (OS) was observed between the treatment strategies. 5 Furthermore, despite the potential benefits of AI use in premenopausal women, there are long-term risks of ovarian ablation (OA), which is a necessary additional intervention in women who still have ovarian function. A recent study found that OA preceeding an AI (OA/AI) was more costly and less effective in terms of overall life expectancy compared with tamoxifen alone for low-risk premenopausal women with ER-positive breast cancer. 6 However, for high-risk women requiring chemotherapy, OA/AI was more costly but more effective than tamoxifen alone, although the incremental cost-effectiveness ratio (ICER) reached the upper threshold for acceptability within our healthcare system. The assessment of such long-term outcomes remains impractical in the context of most clinical trials. Recognizing the limited improvements in DFS and OS from extended endocrine treatment strategies and the potential detrimental impact of premature menopause from OA/AI, a decision analytic model is the most feasible strategy to evaluate long-term survival associated with extended endocrine strategies in women with premenopausal breast cancer. We conducted a costeffectiveness analysis to compare these strategies for premenopausal women with ER-positive breast cancer who have completed 5 years of tamoxifen therapy and are eligible for additional endocrine therapy.
Methods
A Markov chain Monte Carlo simulation model evaluated 3 strategies in a hypothetical cohort of women with ER-positive early-stage breast cancer who have completed 5 years of initial tamoxifen therapy, similar to those in ATLAS. However, unlike the patient population in ATLAS, the women in our hypothetical cohort were exclusively premenopausal. The treatment options were (1) no further treatment; (2) 5 additional years of tamoxifen (extended tamoxifen); or (3) OA accomplished by outpatient laparoscopic bilateral salpingo-oophorectomy (BSO), followed by 5 years of an AI. We did not model the use of gonadotropin-releasing hormone (GnRH) agonist as a method of OA/AI, because there is no evidence that hormone levels are different between the 2 interventions. GnRH agonist is also more costly than outpatient laparoscopic BSO because it requires multiple physician visits and injections. 7 The benefit of each strategy was calculated in terms of average discounted years of life expectancy gained relative to an alternate strategy. Average lifetime costs were estimated in US dollars ($USD) in 2016. All costs for services and medications were derived from the Healthcare Bluebook. 8 We assumed that patients used generic forms of tamoxifen and letrozole as the AI. The primary outcome measure was the ICER, defined as the additional cost divided by the incremental health benefit compared with an alternate strategy. If the ICER was <$100,000 per year of life gained, this strategy would be considered costeffective, a commonly accepted threshold for healthcare measures. 9 A strategy that was less effective and more costly than an alternative would be considered "dominated" (ie, inferior, and therefore excluded). As per recommendations of the US Public Health Service Panel on Cost-Effectiveness in Health and Medicine, a societal perspective was adopted and all costs and benefits were discounted at a rate of 3% per year. 10 We assumed that women entered the model at an average age of 45 years after having completed 5 years of initial tamoxifen therapy, and had not yet become menopausal. The women were comparable across all treatment strategies in demographic and tumor characteristics. Risks of coronary heart disease (CHD), stroke, fracture, pulmonary embolism (PE), and endometrial cancer associated with tamoxifen and AI were estimated from the ATLAS and MA.17 trials, respectively. 1, 11 Ten-year overall mortality rates associated with placebo (5 years of tamoxifen) and extended tamoxifen (10 years of tamoxifen) for ER-positive women were 24.7% and 22.4%, respectively, in the ATLAS trial.
1 These 10-year mortality rates were converted to 1-year mortality probabilities. Ten-year mortality rates were not available from MA.17; however, at 4 years, the hazard ratio for overall mortality between AI (letrozole) and placebo was 0.82 (95% CI, 0.57-1.19). This hazard ratio was applied to the placebo subgroup of ATLAS to extrapolate the mortality rate in a comparable age-and disease-matched subgroup of women using an AI. Consequently, AI would yield a lower mortality (20.5%) than extended tamoxifen (22.4%) at 10 years.
We did not use mortality estimates from the SOFT trial because tamoxifen was compared with AI as initial endocrine therapy, not as extended endocrine therapy. We assumed that women continued to die of breast cancer 12, 13 and other age-associated causes according to US life tables 14 after the reported trial end points. Risks of tamoxifen-associated thromboembolic events and endometrial cancer and of AI-associated fractures were increased during endocrine therapy but returned to baseline risks after completion of treatment. Alternately, risks associated with premature menopause from OA persisted for many years after treatment and were estimated from the Nurses' Health Study subgroup of women who had undergone oophorectomy without estrogen replacement therapy. According to that large prospective cohort study with 28 years of followup, 20% of deaths are expected within the first 15 years after oophorectomy, and the remaining 80% of deaths after 15 years. 15 The Markov model structure is illustrated in Figure 1 . All women enter the model "at risk" of an event (adverse event, dying of cancer, dying of another cause), the probabilities for which are governed by age and type of treatment. If they do not experience one of these events at the end of one annual cycle, they return to the "at risk" state. The time horizon for this model was 40 years (cycles).
The model was programmed using TreeAge Pro 2014 (TreeAge Software, Inc., Williamstown, MA), with extensive sensitivity analyses around variables, including age at starting extended endocrine therapy, length of follow-up, and healthcare costs. Selected data for the base case of the model are provided in Table 1 . Monte Carlo simulations estimated the number of women experiencing adverse events attributable to extended endocrine treatment, including CHD, fracture, stroke, PE, and endometrial cancer, as well as the number of deaths in each treatment group.
Results
Extended tamoxifen for 5 years after the initial 5 years yielded a higher average life expectancy and at acceptable cost compared with no further treatment, with a favorable ICER of $4,042 per year of life gained. Extended tamoxifen yielded a higher average life expectancy and at lower average cost compared with AI preceded by OA (17.31 vs 17.06 years, and $3,550 vs $14,312, respectively). Therefore, extended tamoxifen is the dominant (preferred) strategy as the second course of endocrine therapy after initial tamoxifen for premenopausal women. Table  2 summarizes the average discounted costs and life expectancy gains associated with each strategy.
Our results were sensitive to the length of follow-up time. If we compare the strategies at only 10 years after the start of extended endocrine therapy, AI is predicted to yield a higher average life expectancy than extended tamoxifen. However, our model estimated outcomes to 40 years, and after 24.6 years from starting extended endocrine therapy (ie, after 69.6 years of age, assuming that the average age at the start of extended endocrine therapy is 45 years), the life expectancy curves cross and extended tamoxifen is predicted to yield a higher life expectancy than OA/AI (Figure 2) . Our results were stable over a wide range of parameters, including age at starting extended endocrine treatment. If women are aged 30 years at treatment initiation, they have a higher overall life expectancy gain if they continue tamoxifen for another 5 years rather than undergoing OA followed by treatment with an AI. The survival difference between the extended endocrine strategies is greatest for younger women, as seen in Figure 3 . Our results were also stable to a wide range of costs, including estimates for tamoxifen and AI, and treatment-related complications including CHD, stroke, fracture, PE, and endometrial cancer. Although the annual cost of tamoxifen in the model was greater than that of letrozole, the lifetime cost of the extended tamoxifen strategy was still lower than that of the OA/AI strategy. This remained true even if the cost of letrozole was reduced to one quarter of the baseline cost. We conducted a Monte Carlo simulation to estimate the total number of treatment-related complications, including endometrial cancer, fracture, CHD, stroke, and PE in each strategy, as well as the number of deaths attributable to OA/AI. In the United States, approximately 246,660 women were diagnosed with breast cancer in 2016. 16 An estimated 10.7% of these women were aged <45 years and 70% of these had ER-positive tumors 17 ; if we assume that they are still premenopausal after completing 5 years of initial tamoxifen therapy and are eligible for a second 5-year course of endocrine therapy, this is approximately 18,000 women. By simulating this cohort, our model estimates 13,236, 12,557, and 11,338 cancer-and age-related deaths associated with no further treatment, extended tamoxifen, and OA/AI, respectively, over a period of 40 years. However, the model also estimates 1,897 additional deaths in the OA/AI group attributable to adverse events associated with premature menopause from OA, for a total of 13,235 deaths in this group. This is just less than the number of deaths associated with no further treatment, but more than those associated with extended tamoxifen. Although extended tamoxifen was associated with a higher number of cases of endometrial cancer and PE, AI preceded by OA was associated with a higher number of fractures, strokes, and CHD. We also modeled a cohort of 1 million premenopausal women with ER-positive early-stage breast cancer because the annual US co- hort of 18,000 women is comparably small; results are consistent between both cohorts. The estimated numbers of select adverse events in each group are summarized in Table 3 .
Discussion
There are long-term consequences of premature menopause that must be considered when young women with ER-positive breast cancer are contemplating OA with an AI as extended endocrine therapy. Our model predicts that OA with an AI has the potential to be harmful if offered to women who are still premenopausal after completing initial tamoxifen therapy. For women who have completed 5 years of tamoxifen therapy, 10-year OS rates will be close to 80%, regardless of whether they use tamoxifen for another 5 years. 1 For women considering 5 more years of tamoxifen, the improvement in survival at 10 years is only 2.3% compared with no additional therapy based on the ATLAS trial. Furthermore, based on results of the SOFT trial, use of OA/AI as a primary endocrine strategy did not improve OS over tamoxifen alone, although follow-up is still limited. 5 Nonetheless, most premenopausal women with ERpositive early breast cancer have the potential to live long-term, irrespective of treatment, and many will survive another 40 years given the average life expectancy of 81 years in the United States.
14 Based on these data, women who are still premenopausal after the first 5 years of tamoxifen therapy should be counseled about the health consequences of OA if an AI is being considered, and that this intervention may actually compromise long-term survival even if there is a short-term DFS benefit from the AI. Our model predicted that AI would be superior up to 24.6 years after starting extended endocrine therapy; however, after this time, AI will contribute to a higher number of deaths than tamoxifen.
Our results are also substantiated by a recent systematic review and meta-analysis of 4 trials (ABCSG-12, SOFT, TEXT, E-3193) that evaluated the effects of adding ovarian suppression to either tamoxifen or AIs and found fewer DFS events but more deaths associated with ovarian suppression and an AI. 18 The Nurses' Health Study demonstrated that women who underwent oophorectomy (OA) before 50 years of age without subsequent estrogen replacement therapy had a 41% higher risk of mortality from various causes (CHD, stroke, osteoporosis, cancer) based on an adjusted comparison to those who did not have this intervention. At the end of 28 years of follow-up, 1 in 8 patients (12.5%) died of causes attributable to premature menopause from oophorectomy. 15 Although extended tamoxifen may be associated with higher rates of endometrial cancer and PE, the absolute difference in endometrial cancer mortality is estimated at 0.2% between 10 and 5 years of tamoxifen use, with no difference in PE mortality. 1 The absolute benefit of tamoxifen as extended endocrine therapy is arguably nominal. The life expectancy gain of an additional 0.25 years above the OA/AI strategy translates into 3 months; however, this is comparable to the average life expectancy gain associated with adjuvant trastuzumab for HER2-positive metastatic breast cancer. 19 The average life expectancy gain represents the benefit for the entire population at risk, not the benefit realized by an individual. There is a large gain for the women who might have died prematurely as a result of premenopausal OA, offset by the lack of gain by most women who never would have experienced adverse effects from this intervention.
This model has a number of limitations. First, there are no data on long-term OS after premenopausal OA (oophorectomy) and AI, and therefore we extrapolated these outcomes from the Nurses' Health Study, of which only a small proportion of the study cohort had breast cancer. However, most of these premenopausal patients with breast cancer will be expected to survive long after their diagnosis, and therefore it is realistic to expect that a proportion of them will encounter adverse health consequences from OA in the future.
Second, we used survival outcomes and treatment toxicity data from ATLAS and MA.17, which were primarily comprised of postmenopausal women, and therefore survival estimates in our study have likely been underestimated because our hypothetical cohort included only premenopausal women. Furthermore, these clinical trials were conducted a decade ago and, because systemic therapy has changed since then, survival outcomes may be different from those estimated. However, these 2 clinical trials represent the highestlevel evidence relating to the potential benefit of extended endocrine therapy, which appears to be true regardless of menopausal status. 4 Extended endocrine therapy remains a relevant question in light of the recent SOFT/TEXT trials, which demonstrated a benefit from OA/AI among premenopausal women as firstline endocrine therapy. 5, 20 Third, we did not model treatment for recurrent or contralateral breast cancer, or second primaries, and therefore we may have underestimated lifetime costs, which would likely be higher in the tamoxifen group. However, the magnitude of difference is probably very small. In MA.17, the absolute difference in events between AI and placebo after 4 years was only 2.4%.
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The difference between AI and tamoxifen as extended therapy is expected to be even smaller than this, and if extrapolated to 10 years, the magnitude of difference might be in the range of 4% to 5%. In contrast, at least 1 in 8 women (12.5%) with premature menopause secondary to OA are ultimately expected to die of CHD, osteoporotic fractures, stroke, or other cancers in the future. 15 Finally, although we did not model qualityadjusted life expectancy, the detrimental impact of premenopausal OA on quality of life would likely yield an even greater difference between the extended endocrine strategies, in favor of tamoxifen.
Conclusions
We predict that continuing tamoxifen for another 5 years will be superior to OA followed by AI in terms Abbreviations: AI, aromatase inhibitor; ASR, age-and sex-related causes of mortality from US life tables; CHD, coronary heart disease; EC, endometrial cancer; Frac, fracture; OA, ovarian ablation; PE, pulmonary embolism; Tam, tamoxifen.
of prolonging OS in women with ER-positive breast cancer who remain premenopausal after completing initial tamoxifen therapy. This is a small subgroup, representing only approximately 7.5% of all women with breast cancer. However, the long-term effects of premature menopause associated with OA can be catastrophic for these women, most of whom are still expected to survive their breast cancer even in the absence of additional endocrine therapy. Long-term health outcomes associated with breast cancer treatment still need to be evaluated prospectively. In the interim, it is important to recognize the potential for harm and to mitigate treatment-related morbidity that could compromise OS.
